Delta-like 4 (Dll4) is a transmembrane ligand for Notch receptors that is expressed in arterial blood vessels and sprouting endothelial cells. Here we show that Dll4 regulates vessel branching during development by inhibiting endothelial tip cell formation. Heterozygous deletion of dll4 or pharmacological inhibition of Notch signaling using ␥-secretase inhibitor revealed a striking vascular phenotype, with greatly increased numbers of filopodia-extending endothelial tip cells and increased expression of tip cell marker genes compared with controls. Filopodia extension in dll4 ϩ/Ϫ retinal vessels required the vascular growth factor VEGF and was inhibited when VEGF signaling was blocked. Although VEGF expression was not significantly altered in dll4 ϩ/Ϫ retinas, dll4 ϩ/Ϫ vessels showed increased expression of VEGF receptor 2 and decreased expression of VEGF receptor 1 compared with wildtype, suggesting they could be more responsive to VEGF stimulation. In addition, expression of dll4 in wild-type tip cells was itself decreased when VEGF signaling was blocked, indicating that dll4 may act downstream of VEGF as a ''brake'' on VEGF-mediated angiogenic sprouting. Taken together, these data reveal Dll4 as a negative regulator of vascular sprouting and vessel branching that is required for normal vascular network formation during development.
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angiogenesis ͉ vascular development ͉ VEGF ͉ sprouting ͉ guidance N otch signaling controls cell fate specification in a variety of cell contexts during embryonic and postnatal development (1) . Genetic deletion of multiple components of the Notch pathway has revealed a critical role for Notch in vascular development (2) . In mice, the absence of Notch signaling results in defective yolk sac vascular remodeling and aberrant formation of arterial-venous circuits in the embryo, often leading to embryonic death (2) . Studies in zebrafish and in vitro cultured cells have implicated Notch signaling in arterial-venous specification through regulation of arterial genes such as EphrinB2 (efnb2) (2, 3) and have identified Notch as a downstream target of the vascular growth factor VEGF (4). Delta-like 4 (Dll4) is a transmembrane ligand for Notch receptors that shows restricted expression to endothelial cells (ECs), in particular to arteries and capillaries (5) (6) (7) (8) . Deletion of a single dll4 allele in mice results in early embryonic death [from embryonic day (E)9.5] associated with major defects in vascular remodeling in the yolk sac and embryo (9) (10) (11) . Haploinsufficiency within the vascular system has previously been observed only for VEGF (12, 13) , suggesting that an appropriate dosage of both of these genes is critical for correct vascular development. The degree of lethality associated with heterozygous dll4 deletion depends on the mouse strain, and a small percentage of outbred CD1 dll4 ϩ/Ϫ embryos can survive, allowing for more detailed analysis of roles for dll4 at later stages of vascular development. Here we describe a previously uncharacterized function for dll4 during sprouting angiogenesis, with dll4 suppressing endothelial tip cell formation and vessel branching by inhibiting the response of sprouting ECs to VEGF. Results dll4 ؉/؊ Embryos Show Vessel Branching Defects. We compared outbred E10.5 heterozygous dll4 embryos carrying a ␤-gal reporter gene insertion (11) to either heterozygous unc5b ␤-galreporter embryos, which show similar vascular expression to dll4 ϩ/Ϫ but with normal vascular development (14) , or to platelet-EC adhesion molecule 1 (PECAM-1)-stained wild-type littermates ( Fig. 1 A-D) . In dll4 ϩ/Ϫ embryos, the major arteries such as the internal carotid artery appeared normal but displayed increased numbers of smaller arterial branches compared with unc5b ϩ/Ϫ or PECAM-1-stained wild-type embryos ( Fig. 1 A-D) . All dll4 ϩ/Ϫ embryos examined showed branching defects but with varying severity [compare Fig. 1B and supporting information (SI) Fig. 5A ], indicating that unknown genetic modifiers also influence the dll4 ϩ/Ϫ phenotype. To exclude the possibility that the defects observed in vessel branching were secondary to other defects in the embryo, e.g., disrupted blood flow, we cultured aortic explants from dll4 ϩ/Ϫ and wild-type mice in collagen gels. Sprouting from dll4 ϩ/Ϫ aortas occurred earlier and more profusely than from wild-type aortas (Fig. 1 E-G) , indicating that the dll4 ϩ/Ϫ vessel defect is intrinsic to ECs and independent of alterations to flow or cardiac output.
To establish the underlying cause of the dll4 ϩ/Ϫ vesselbranching defects, we performed high-resolution confocal microscopy on isolectin B 4 -stained dll4 ϩ/Ϫ and wild-type E11.5 hindbrains. Staining for ␤-gal in dll4 ϩ/Ϫ hindbrains showed expression in virtually all ECs (data not shown). Vessel branching was significantly increased in dll4 ϩ/Ϫ compared with wildtype hindbrains ( Fig. 1 H-J) . Strikingly, vessels from dll4 ϩ/Ϫ hindbrains extended numerous filopodia from the whole length of the vessel surface, whereas vessels from wild-type hindbrains extended only a few filopodia at scattered points ( Fig. 1 K-N) . Filopodia extension is a morphological characteristic of specialized ECs called ''tip cells,'' which are lumenless ECs present at the leading edge of vascular sprouts that integrate directional cues from their environment and so define the direction in which the new sprout grows (15) . Tip cells also find and create connections with adjacent sprouts and so generate functional vascular networks (16) . The profusion of filopodia in dll4 ϩ/Ϫ hindbrains suggested that most, if not all, ECs in the hindbrain vessels were acting like tip cells, leading to increased connections between adjacent vessels (i.e., branching). ϩ/Ϫ and wildtype pups (approximately one-third of dll4 ϩ/Ϫ embryos survive to birth). The retina vasculature at postnatal day (P)4 -6 allows for simultaneous visualization of angiogenic sprouting at the vascular front (where most endothelial tip cells are located) and remodeling of the nascent vasculature within the vascular plexus (17) . In wild-type retinas, dll4 expression was detected predominantly in arteries and in tip cells at the vascular front, with lower levels observed in vessels within the vascular plexus (SI Fig. 5 ). In dll4 ϩ/Ϫ vessels, lower levels of dll4 were detectable by in situ hybridization (ISH; SI Fig. 5 ) and quantitative PCR (qPCR; 51% of wild-type levels), although the expression pattern was comparable to wild-type (SI Fig. 5 ). As with hindbrains, dll4 ϩ/Ϫ retinal vessels showed severe patterning defects, forming a hyperbranched, hyperfused plexus behind the vascular front ( Fig. 2 A and B) . Numerous filopodia extended from dll4 ϩ/Ϫ vessels at the vascular front and also within the vascular plexus in both arterial and venous zones ( Fig. 2D; SI Fig. 6 ). In contrast, wild-type vessels extended few filopodia in regions away from the vascular front ( Fig. 2C; SI Fig. 6 ). Quantification (see SI Fig. 6 ) showed 75% more filopodia extensions at the vascular front, 125% more branchpoints within the vascular plexus, and an 80% increase in the area covered by vessels in dll4 ϩ/Ϫ compared with wild-type (Fig. 2 E-G) . This increase in the vessel coverage suggested that dll4 ϩ/Ϫ vessels may also have proliferation defects. Quantification of BrdU-labeled (S-phase cells) or phospho-histone-H3-stained ECs (M-phase cells) indicated a modest (1.16-fold, nonsignificant) increase in proliferating ECs in dll4 ϩ/Ϫ vessels compared with wild-type (Fig. 2 H ; SI Fig. 6 ). Although this small increase in EC proliferation could contribute to the overall dll4 ϩ/Ϫ phenotype, it is unlikely to be the causative defect. Smooth muscle and pericyte coverage, as well as distribution of retinal astrocytes ahead of the vascular plexus, appeared normal between wild-type and dll4 ϩ/Ϫ vessels (SI Fig. 6 ). Retinal astrocytes define the pattern of vascular development in the retina through the production of VEGF gradients in response to hypoxia (15, 18, 19) . Assessment of hypoxia and VEGF gradients showed no significant differences between wild-type and dll4 ϩ/Ϫ retinas (SI Fig. 7 ). dll4 ϩ/Ϫ vessels were perfused normally (SI Fig. 7) , and there was no evidence of plasma leakage. Taken together, these observations suggest that dll4 ϩ/Ϫ retinal vessels are functional, and that the major defect in vessel patterning is due to inappropriate and excessive sprouting.
In addition to dll4, other genes are also expressed at high levels in endothelial tip cells in the retina, including pdgfb (15) and unc5b (14) . Compared with wild-type, dll4 ϩ/Ϫ retinal vessels expressed pdgfb (Fig. 2 I , J, M, and N) and unc5b ( Fig. 2 K, L , O, and P), over an expanded area, especially in the hyperfused plexus. Thus, vessels from dll4 ϩ/Ϫ retinas display genetic as well as morphological (filopodia) and behavioral (hyperfused vessels) indicators of an expansion in the number of ECs that have a "tip cell" phenotype, suggesting that Dll4 normally functions to suppress tip cell formation in growing vessels. Normal angiogenic sprouting in the retina requires local gradients of VEGF (15, 18, 19) . If VEGF stimulation is blocked, tip cell filopodia retract, and progression of the vascular sprout halts. In dll4 ϩ/Ϫ retinas, increased tip cell formation occurs in the absence of an altered VEGF gradient, suggesting that Dll4 could function downstream of VEGF. To test whether dll4 expression depended on VEGF signaling, we injected the eyes of P5 wild-type pups with soluble VEGF receptor 1 (VEGFR1; sFlt1, VEGF sink). In addition to the expected loss of tip cell filopodia (15) , dll4 mRNA was down-regulated in a significant proportion of tip cells (Fig. 3 A-D, dll4 expression in 165/183 tip cells in uninjected retinas, and 30/172 tip cells in sFlt1-injected retinas; n ϭ 7 per group), indicating that dll4 expression in tip cells is downstream of VEGF in vivo, as previously shown in vitro (20) . To confirm that filopodia extension in dll4 ϩ/Ϫ vessels still required VEGF signal, we injected eyes with receptor-blocking antibodies against VEGFR2 (Flk-1), the major mediator of VEGF function, and VEGFR1, a decoy receptor that negatively modulates VEGF signaling (21) . VEGFR2-blocking antibody induced filopodia retraction in wild-type and dll4 ϩ/Ϫ retinas ( Fig.  3 E, F, and I) , whereas VEGFR1-blocking antibody had no significant effect (Fig. 3 G-I) . Soluble Flt1 also blocked filopodial extension in dll4 ϩ/Ϫ vessels (Fig. 3I) . Thus, absence of a dll4 allele does not alter the requirement for VEGF and VEGFR2 activation for tip cell filopodia extension. Because the VEGF gradient is intact in dll4 ϩ/Ϫ retinas, excessive sprouting in dll4 ϩ/Ϫ vessels could therefore be due to an increased response to normal levels of VEGF signal, perhaps through altered VEGFR expression. In support of this hypothesis, activated Notch signaling in ECs has been shown to down-regulate the expression of VEGFR2 in vitro (22) (23) (24) . Thus, we asked whether loss of a dll4 allele would lead to increased VEGFR2 expression. Because VEGFR2 is expressed strongly in the neuronal retinal layer (25, 26) , we performed qPCR analysis on isolated retinal ECs and found increased vegfr2 expression in dll4 ϩ/Ϫ compared with wildtype (Fig. 3J) . ISH also showed an expanded domain of vegfr2 expression in dll4 ϩ/Ϫ retinal vessels compared with wild-type, especially in the region of the hyperfused plexus (Fig. 3 K, L , O, and P). In addition, we observed decreased vegfr1 expression in dll4 ϩ/Ϫ retinal vessels by both qPCR and ISH (Fig. 3 J 
, M, and N, Q and R). Thus, dll4
ϩ/Ϫ retinal vessels express higher levels of VEGFR2 and lower levels of VEGFR1, potentially increasing their responsiveness to VEGF. Such alterations in VEGFR levels could therefore provide a rational explanation for the increased sprouting observed in dll4 ϩ/Ϫ retinas.
Disruption of Notch Signaling Recapitulates the dll4 ؉/؊ Retinal Vessel
Defect. To confirm that the dll4 ϩ/Ϫ vascular defects were consistent with a disruption of Notch signaling, we measured expression levels of the Notch target genes hey1 and hey2 by qPCR. Both were down-regulated in dll4 ϩ/Ϫ retinas compared with wild-type (by 15% and 21%, respectively). Pharmacological disruption of Notch signaling in wild-type retinas using the ␥-secretase inhibitor N-[N-(3,5-difluorophenacetyl-l-alanyl)]-S-phenylglycine t-butyl ester (DAPT) produced vessel abnormalities similar to the dll4 ϩ/Ϫ phenotype (Fig. 4 A-D) , including a hyperfused plexus and numerous ectopic filopodia extending from vessels (40% increase in filopodia-extending cells, 150% increase in branchpoints, and 100% increase in vascular area). The expression of tip cell marker genes, including pdgfb and dll4 itself, was also up-regulated in DAPTtreated retinal vessels (Fig. 4 E-L) , indicating that sprouting cannot be suppressed when Notch signaling is blocked, even in the presence of increased dll4. The vascular defects observed in dll4 ϩ/Ϫ mice are thus consistent with a disruption in Notch signaling. Likely candidate Notch receptors include Notch1 and Notch4, both of which are expressed in retinal vessels (7).
Discussion
Previous studies showed that genetic deletion of dll4 or other Notch signaling components in mice produces profound vascular defects (9) (10) (11) (27) (28) (29) (30) (31) , indicating the importance of these molecules in vascular development but providing little insight into their function. Studies in zebrafish and in vitro cultured cells indicate that some of the vascular abnormalities observed in dll4-deficient mice may be attributable to defects in arterialvenous specification (3, 4, 20) . However, arteries from dll4 ϩ/Ϫ embryos and retinas appear morphologically normal, and dll4 ϩ/Ϫ retinas express arterial markers such as unc5b (Fig. 2 L and P) and efnb2 (data not shown). Thus, we find the vessel branching defects observed in dll4 ϩ/Ϫ retinas inconsistent with an arterial specification problem. Instead, our data suggest a model in which Dll4, expressed in endothelial tip cells, inhibits the angiogenic response of adjacent ECs to VEGF stimulation, most likely through Notch signaling. This mechanism would permit an asymmetric cellular response to VEGF stimulation during vascular sprouting by allowing some ECs to respond to a local VEGF gradient by forming a sprout, while, through upregulation of dll4 expression, inhibiting adjacent cells from also forming sprouts. When even a single dll4 allele is absent, or when Notch signaling is blocked, this suppression is lost, resulting in increased sprout formation and tip cell filopodia. This mechanism provides an elegant negative feedback system intrinsic to ECs to control their response to VEGF and suggests that vascular network formation is coordinated by VEGF and Dll4/ Notch signaling.
Materials and Methods
Generation of Mice and Collection of Tissues. Outbred CD1 dll4 ϩ/Ϫ male mice (11) were crossed with CD1 wild-type females (Charles River Breeding Laboratories, Wilmington, MA) to generate dll4 ϩ/Ϫ offspring. Approximately 25% of pups born carried the ␤-gal transgene (expected frequency, 50%). CD1 unc5b ϩ/Ϫ embryos were generated as described (14) . Embryos were briefly fixed in 4% paraformaldehyde (Sigma, St. Louis, MO) for X-Gal (Invitrogen, Carlsbad, CA) staining or fixed in DMSO/methanol for whole-mount PECAM-1 (Mec13.3; BD PharMingen, San Diego, CA) staining. Hindbrains and retinas were dissected as described (14, 15) .
Immunostaining and ISH.
Immunostaining was performed as described (14, 15) , using biotinylated isolectin B 4 (1:50; Vector Laboratories, Burlingame, CA), anti-phospho-histone-H3 (1:100; Abcam, Cambridge, MA), anti-NG2 (1:40; Chemicon, Hampshire, U.K.), anti-␣-smooth muscle actin-Alexa488 (1:100; Sigma), anti-GFAP (1:75; Dako, Carpinteria, CA), anti-rabbit Alexa488 (1:100; Invitrogen), and streptavidin Cy-3 or Cy-2 (1:100; Amersham Biosciences, Piscataway, NJ). BrdU (1 mg/kg; Roche, Indianapolis, IN) was injected i.p. 2 h before death and retinas stained with anti-BrdU-Alexa546 (1:50; Invitrogen). Hypoxia was assessed by injection of 60 mg/kg pimonidazole (Chemicon) 90 min before death, and retinas stained with Hypoxyprobe Mab1-FITC (1:100; Chemicon). For perfusion assays, FITC-dextran (20 mg/ml, M r 200,000; Sigma) was injected into the tail vein of anesthetized P5 pups. Confocal images were acquired by using a Leica (Deerfield, IL) TCS SP2 microscope. Whole-mount ISH of retinas was performed as described (32) , except for treatment with proteinase K at 8 mg/ml for 10 min.
Vessel branchpoints and filopodia bursts were counted manually (by two independent observers); vascular area was calculated by using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA; SI Fig. 6 ). Quantifications were performed on two images per hindbrain (n ϭ four wild-type; five dll4 ϩ/Ϫ ) and three to four images per retina (n ϭ six wild-type; seven dll4 ϩ/Ϫ ). Proliferating ECs were counted manually on four images per retina (n ϭ five wild-type; five dll4 ϩ/Ϫ ). Proliferating non-ECs were not counted.
Aortic Ring Assay. Aortas from P5 pups were dissected, cut into short segments, and incubated overnight in EC growth medium-2 (Promocell, Heidelberg, Germany.) containing 10% FBS before being placed into collagen gels (Roche). Aortic explants were imaged at 48 h after embedding by using an inverted microscope (Leica) and sprout area quantified by using Metaview imaging software (Princeton, MA).
DAPT Treatment and Eye
Injections. The ␥-secretase inhibitor DAPT (100 mg/kg per mouse; ref. 33) (Calbiochem, La Jolla, CA; dissolved in DMSO) was injected i.p. into wild-type pups once per day at P3 and P4 and retinas dissected at P5. Vessel quantifications were performed on three to four images per retina (n ϭ four per group). Intraocular injections were performed as described (14, 15) . Mice were killed 4-5 h after injection. sFlt-1 (R&D Systems, Minneapolis, MN) was injected at 1 g/l, VEGFR2-blocking antibody (DC101; Imclone, New York, NY) at 5.7 g/l, and VEGFR1-blocking antibody (MF1; Imclone) at 5.2 g/l. The number of injected eyes was sFlt-1, 12 wild type, five dll4 ϩ/Ϫ ; VEGFR2-blocking antibody, seven wild type, five dll4 ϩ/Ϫ ; and VEGFR1-blocking antibody, four wild type, three dll4 ϩ/Ϫ . Number and length of filopodia (in pixels) were quantified from three to four fields per retina by using MetaView software imaging.
qPCR. Retinal ECs were isolated by digestion of dissected retinas for 45 min with 1 mg/ml collagenase (Gibco, Carlsbad, CA), incubation for 15 min at 4°C with biotinylated anti-PECAM-1 antibody (1:500 dilution), and separation by using streptavidincoated magnetic beads (Miltenyi Biotec, Auburn, CA). Total RNA was extracted by using the RNeasy mini kit (Qiagen, Valencia, CA) and reverse-transcribed to cDNA by using the SuperScript III First Strand Synthesis kit (Invitrogen). qPCR was performed in triplicate by using an ABI PRISM 7300 (Applied Biosystems, Foster City, CA) and SYBR green chemistry. Gene expression was normalized to ␤-actin and relative differences determined based on six separate reactions.
